Recent theoretical considerations have demonstrated that freestanding graphene doped with alkali metals (ACx) supports strong Dirac and weak acoustic plasmons. Here we show that when ACx is deposited on a metallic surface, the intense Coulomb screening completely washes out these collective modes. However, even small increase of separation between ACx and metallic surface causes recovery of ACx plasmonic properties and especially the enhancement of acoustic plasmons intensities not present in the freestanding case. We further provide the physical background of these intriguing phenomena. The studied systems consist of lithium-and cesium-doped graphene deposited on Ir(111) surface.
I. INTRODUCTION
Ground state crystal and electronic structure of graphene doped with alkali atoms (AC x , A = Li, Na, K, Cs) on different metallic surfaces, such as Ir(111), Cu(111) and Ni(111), have been recently extensively studied in several experimental and/or theoretical papers [1] [2] [3] [4] [5] [6] [7] . The goal of these investigations was to achieve the self-standing graphene (decoupled from the surface as much as possible) with the smallest Moire corrugation. Moreover, the mentioned experiments and further density functional theory (DFT) calculations [8] show that graphene doped by alkali atoms possess electronic band structure that could potentially support very interesting plasmonic properties. On the one hand alkali atoms in two-dimensional (2D) superlattice metalize and form a parabolic σ band that crosses Fermi level [9] . On the other hand, alkali atoms donate electrons to graphene π band, lifting the Fermi level for more than 1 eV above the Dirac point [8] . The coexistence of these partially occupied 2D bands in AC x could support at least two electronic collective modes, where one is suppose to be very strong Dirac plasmon (DP).
The main goal of this paper is to emphasize very interesting plasmonic effects appearing in graphene doped by alkali metals. Recent theoretical investigations [10, 11] have already pointed out the appearance of a strong DP and a weak acoustic plasmon (AP) [12] [13] [14] in AC x . However, here we focus on much more realistic situation where doped graphene is deposited on metallic surface [15] [16] [17] [18] and especially we aim to explore how the vicinity of metallic surface can be exploited to modify the DP and AP dispersion relations and intensities. Investigations of graphene-metal heterostructures is actually of both fundamental [19] and practical [20, 21] importance. For in- * Electronic address: vito@phy.hr stance, in the field of graphene-based biosensing [21] the graphene-metal contacts are unavoidable and thus deciphering the microscopic screening mechanisms in these structures is of great value.
In this paper we investigate the low-energy collective electronic excitations (2D plasmons) in lithium-and cesium-doped graphene (i.e., LiC 2 and CsC 8 ) deposited on the Ir(111) surface. The special attention is paid to explore how the vicinity of Ir(111) surface modifies DP and enhances AP intensities. We show how the self-standing doped graphene supports very strong DP and two orders of magnitude weaker AP. When AC x is at equilibrium separation from the Ir(111) surface, the strong metallic screening destroys the corresponding plasmonics such that the DP in LiC 2 becomes very weak acoustic-like branch, while the DP in CsC 8 almost completely disappears. However, small displacement from the equilibrium separation induces the recovery of plasmon modes as well as the appearance of interesting plasmonic phenomena not present in the freestanding doped graphene. For instance, for displacement of 0.6 − 1.2 Å very strong AP branch appears in LiC 2 and for displacement of 1.2−1.6 Å CsC 8 supports two intense AP modes. For larger wave vectors (Q > 0.1 a.u.) the intensities of these APs (laying in infra-red frequency range, ω > 1 eV) can be even two orders of magnitude stronger than the DPs intensities in the self-standing AC x . These very intriguing plasmonic phenomena can be used in many plasmonics applications [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
In Sec. II A we present theoretical model for the ground state crystal and electronic structure of LiC 2 /Ir(111) and CsC 8 /Ir(111). In Sec. II B we present the method for calculating the effective 2D dielectric function (Q, ω) of AC x /Ir(111). In Sec. III the results for electron-energyloss-spectra (EELS) − [ 
II. THEORETICAL MODEL

A. Ground state
The studied systems consist of graphene doped with alkali atoms and deposited on the Ir(111) surface (AC x /Ir(111) composite), as shown in Fig. 1 . The separation between alkali atom layer in AC x and topmost Ir atomic layer of Ir (111) is
where d Ir−A represents the equilibrium separation obtained from DFT calculations and ∆ represents the displacement from the equilibrium distance.
The crystal structure of the Ir(111) surface is modeled with 5 atomic layers. Graphene 2 × 2 superlattice is matched to Ir(111) √ 3 × √ 3 superlattice such that 4.8% strain is applied to Ir(111). The unit cell in z direction is set to 22 Å.
Ground state electronic and structural optimization calculations were performed using the Quantum Espresso (QE) package [32, 33] . The core-electron interaction is approximated by the norm-conserving pseudopotentials [34] . In order to capture the long range van der Waals (vdW) interaction between Ir(111) surface and doped graphene layers we use the vdW exchange correlation functional [35, 36] , in particular vdW-DF-cx version [37, 38] . The ground state properties in AC x /Ir(111) composites are calculated by using the 9×9×1 Monkhorst-Pack K-point mesh [39] and the planewave cut-off energy is chosen to be 60 Ry. The structural optimization calculations are performed until the maximum force on each atom was reduced below 0.002 eV/Å. The obtained equilibrium separations between different layers in AC x /Ir(111) composites are listed in Table I Table I ) and using other parameters as described in Ref. [40] . The non-interacting electron response functions χ using the 1 × 1 unit cell. The response function χ 0 Ir is calculated using 101×101×1 K-point mesh and the band summations is performed over 150 bands. The damping parameter η = 30 meV is used. The crystal local field energy cut of 10 Ry is used, which equal to the 37 G z wave vectors.
After the AC x is deposited on the polarizable Ir(111) surface the bare Coulomb interaction v has to be replaced by the surface screened Coulomb interaction (v → w Ir ) and the dynamically screened Coulomb interaction of the entire AC x /Ir(111) composite is calculated by solving the "screened" Dyson equation:
Finally, the effective 2D dielectric function can be defined as
where v Q = 2π/Q. The EELS is then calculated as
III. RESULTS AND DISCUSSION
We shall first describe the modifications obtained in the electronic excitation spectra of AC x when it is brought from self-standing (∆ → ∞) to equilibrium (∆ = 0) distance. In addition, we shall gradually increase the separation ∆ > 0, present the corresponding spectra and explain the physical background of the spectral alterations.
Figure 2(a) shows the EELS intensity in self-standing (∆ = ∞) LiC 2 . As already reported in Ref. [10] in LiC 2 Li atoms donate electrons to graphene π * band and at the same time they metalize and form parabolic σ band which remains partially filled. Therefore, there are two bands crossing Fermi level which result in two plasmons in LiC 2 , i.e., strong DP and weak AP [see Fig. 2(a) ]. Figure 2(b) shows EELS intensities in LiC 2 when it is at the equilibrium distance (∆ = 0) from the Ir(111) surface. It turns out that metallic surface radically modifies the intensities of the electronic modes in LiC 2 . Namely, the DP becomes very weak and changes to a linearly dispersive mode, while the AP disappears. Strong metallic screening obviously significantly reduces the intensity of electronic modes and pushes them toward lower energies. In order to verify this claim in Figs. 2(c) -(e) we show the EELS spectra of LiC 2 , where the separation between LiC 2 and Ir(111) is gradually increased, from ∆ = 0.3 Å to ∆ = 1.2 Å. Figure 2(c) shows that even small displacement of ∆ = 0.3 Å from equilibrium causes substantial increase of DP intensity, while the dispersion remains linear. For ∆ = 0.6 Å shown in Fig. 2(d broad AP appears in the lower energy region and the DP becomes stronger. Already for this separation the intensity of AP is an order of magnitude stronger than the intensity of the AP in the self-standing LiC 2 [see Fig 2(a) ]. For ∆ = 0.9 Å shown in Fig. 2 (e) the dispersion relation of the DP bends (i.e., it is no longer linear) and its energy and intensity increase. The AP becomes strong, sharp and well defined plasmon mode with intensity two orders of magnitude larger than in self-standing LiC 2 and even stronger than the corresponding DP. For ∆ = 1.2 Å, shown in Fig. 2(f) , the AP intensity reduces for an order of magnitude (in comparison with the ∆ = 0.9 Å case) and the intensity of DP continues to increase toward its self-standing (∆ = ∞) value. It is important to note that since the metallic screening reduces the plasmon frequency, it pushes the DP out of the interband π → π * continuum [44] , which in turn reduces the Landau damping and increases the intensity of the plasmon compared to the self-standing case (e.g., compare the intensities in Figs. 2(e) and 2(f) with the intensities in Fig. 2(a) when Q > 0.1 a.u.). Also, we note that for the shown wavevector interval the EELS intensities are almost isotropic, i.e. S(Q ΓM , ω) ≈ S(Q ΓK , ω).
The panels in Fig. 2 clearly show that when LiC 2 -Ir(111) distance is out of equilibrium ∆ > 0, the Ir(111) surface induces the strong AP but only for small interval of separations 0.5 < ∆ < 1.0 Å. In order to clarify this phenomenon we show in Fig. 3 the real part of the effective 2D dielectric function (blue dashed lines) for three characteristic separations (a) ∆ = ∞, (b) ∆ = 0, and (c) ∆ = 0.9 Å and for Q = 0.054 a.u. in the Γ-M direction. The corresponding EELS are shown by black solid lines. It can be seen that in all of the cases the [ ] contains "kink" structures which, depending on separation from the Ir(111) surface, shifts up and down as well as crosses zero at different frequencies. For ∆ = ∞ the "kink", where the weak AP appears, is entirely below zero. At the higher frequencies, i.e., after the "kink", the [ ] increases and crosses the zero where strong DP appears, classifying the DP as a well-defined collective electronic mode. On the other hand, when ∆ = 0 the "kink" is entirely above the zero and [ ] does not cross the zero at all. This results in the appearance of the weak DP around the dip of [ ]. Considering that when ∆ = ∞ changes to ∆ = 0 the "kink" in [ ] transforms from entirely below to entirely above the zero, there should be some ∆ interval when the "kink" crosses zero. As can been seen from Fig. 3(c) this situation occurs, e.g., when ∆ = 0.9 Å resulting in the appearance of AP and DP. In that case both plasmons can be classified as strong well-defined collective modes, as is obvious from Fig. 2(e) . For slightly larger separation, i.e., ∆ > 1.0, the "kink" falls entirely below the zero and the AP quickly weakens. However, [ ] continues to cross zero at larger frequencies where strong DP appears, as is also obvious from Fig. 2(f) .
Further, we show the EELS intensity of the selfstanding (∆ = ∞) CsC 8 in Fig. 4(a) . In CsC 8 the graphene π * band crosses Fermi level twice which together with partially filled parabolic Cs(σ) band [11] is sufficient for the appearance of the three plasmons, i.e., the strong DP and the two weak acoustic plasmons, which we dub AP 1 and AP 2 . This nomenclature for acoustic plasmons is just formal since their dispersion will not be necessary linear. Figure 4(b) shows the EELS intensity in CsC 8 when it is at equilibrium distance (∆ = 0) from the Ir(111) surface. The strong metallic screening extremely weakens the oscillatory strengths of the electronic modes such that the DP and AP 2 become weak and barely visible modes, while the AP 1 disappears. Figures 4(c)-(e) show the EELS intensities in CsC 8 when the separation between CsC 8 and Ir(111) surface gradually increases, from ∆ = 0.4 Å to ∆ = 1.6 Å. For ∆ = 0.4 Å shown in Fig. 4(c) the EELS intensity slightly increases, however, for ∆ = 0.8 Å shown in Fig. 4(d) the enhancement of the EELS intensity is already significant and new AP 1 plasmon appears. It can be noticed that AP 1 and AP 2 have square-root dispersions, which is especially visible in Γ-M direction. In Γ-K direction, the AP 1 is still very broad emerging mode. For ∆ = 1.2 Å shown in Fig. 4 (e) the AP 1 and AP 2 turn out to be strong welldefined plasmon modes. In Γ-K direction the AP 1 and AP 2 have well separated dispersion relations, while in Γ-M direction and for larger wave vectors Q > 0.1 a.u. these modes are degenerate. Interesting feature occurs in long-wavelength limit Q ≈ 0, especially in Γ-M direction, where AP 2 and DP start as a one plasmon branch and then at Q ≈ 0.025a.u. they bifurcate, i.e., the DP continues as square-root and AP 2 as linear branches. For ∆ = 1.6 Å shown in Fig. 4 (f) the AP 1 is already notably weakened, the AP 2 is still very strong mode, especially for larger wave vectors Q > 0.1 a.u. in both (Γ-M and Γ-K) directions, while the DP continues to strengthen. The observable bifurcation into AP 2 and DP branches is still present, in both directions for Q ≈ 0.05 a.u. As already discussed, in the LiC 2 case, for ∆ > 2 Å the AP 1 and AP 2 suddenly weaken and DP becomes gradually stronger until its intensity reaches the freestanding (∆ = ∞) value.
In order to understand the appearance of the strong acoustic plasmons AP 1 and AP 2 in CsC 8 for certain separations ∆, in the panels of Fig. 5 we show the real parts (blue dashed lines) of the effective 2D dielectric function ( [ ]) for three characteristic separations (a) ∆ = ∞, (b) ∆ = 0 and (c) ∆ = 1.3 Å, and for Q = 0.094 a.u in the Γ-K direction. The EELS are shown by the black solid lines. Contrary to the LiC 2 case, it can be seen that the [ ] of CsC 8 has two "kinks" which move up and down depending on the separation ∆. This means that for certain separations ∆ the [ ] can cross zero three times, and, therefore, three well-defined plasmons appear. Figure 5(a) shows that both "kinks" are entirely below zero, which gives only weak plasmons. For larger frequencies, after the "kink" structures, the [ ] crosses zero provid-ing relatively strong, but quite broad DP. This is reasonable considering that for this wave vector the DP already enters π → π * interband continuum and is thus considerably Landau damped [44] . This effect can also be seen as sudden decrease of DP intensity for Q > 0.05 a.u. in Fig. 4(a) . For ∆ = 0 the "kinks" are entirely above the zero and [ ] does not cross the zero at all. This results in only two very weak plasmons AP 2 and DP around where the dips of the "kink" structures appear. Mapping the conclusions from the LiC 2 case, we expect a narrow ∆ interval as well for the CsC 8 where at least one of the "kinks" crosses zero. It should also be noted that for this system there is no ∆ for which both "kinks" would cross zero simultaneously. Figure 5(c) shows that for ∆ = 1.3 Å the first "kink" crosses zero two times which results in strong and well-defined plasmons AP 1 and AP 2 . The second "kink" is still above zero resulting in a weak DP just below the dip in the "kink". This corresponds to the situation shown in Fig. 4(e) where the two strong plasmon, i.e., AP 1 and AP 2 , and the weak DP bands are present. It is important to note here that for ∆ = 1. Fig. 4(a) ]. The metallic screening pushes the DP towards lower frequencies such that in the LiC 2 /Ir(111) composite DP leaves the interband π → π * continuum and becomes sharp longlived mode. Achieving these very interesting plasmonic features requires an artificial ejection of the AC x /Ir(111) from the equilibrium distance ∆ which might be experimentally feasible. For instance, by placing the inert single or few layers of hexagonal boron-nitride between graphene and metal surface, as it is actually the case in the contemporary graphene-based devices [19, 20] . Or by replacing the alkali atoms by more larger intercalants, such as the FeCl 3 molecules that act as the electron acceptors lowering the Fermi energy below −1 eV [45] . Furthermore, the desirable plasmonic properties could be even achieved by changing the concept of the composite system. For example, instead of using metallic substrate we can use semiconducting (e.g., SiO 2 ) substrates, while the plasmonic properties in AC x /substrate could be manipulated by the dull metallic (e.g., aluminum) tip from the above.
IV. CONCLUSIONS
We have demonstrated how the 2D collective modes in chemically doped graphene are drastically modified in the presence of the Ir(111) metallic surface. For instance, very strong Dirac plasmon present in LiC 2 becomes two order of magnitude weaker and linearly dispersive, while the acoustic plasmon disappears. Similar modifications were as well observed in CsC 8 . Further, to understand this physical phenomena we gradually increased the graphene-surface separations ∆ and analyzed the effective 2D dielectric function . We have found that for the equilibrium separation (∆ = 0) the strong metallic screening pushes the real part of effective 2D dielectric function ( [ ]) entirely above the zero which blocks the formation of well-defined 2D collective modes. However, for narrow interval of out-ofequilibrium separations (∆ > 0) the [ ] crosses zero twice providing two strong 2D plasmons. In particular, for 0.5 Å≤ ∆ ≤ 1.0 Å the LiC 2 /Ir(111) composite supports strong well-defined Dirac and acoustic plasmons, while for 1.0 Å ≤ ∆ ≤ 1.5 Å the CsC 8 /Ir(111) composite contains two intense acoustic plasmons when the wave vector is smaller than 0.15 a.u. All in all, we have shown that the chemically doped graphene in the presence of the metallic surface could support even superior plasmonic features compared to the freestanding case. This manipulative plasmonic property can be used in many applications such as biosensing or in plasmon enhanced spectroscopic techniques. 
